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Ø Introduction to “data assimilation (DA)” and ensemble 
DA methods.

Ø Review of chemical data assimilation efforts with WRF-
Chem.

Ø Special challenges with assimilation of observations of 
atmospheric composition.

Ø Review of WRF-Chem/DART and the tutorial on 
localization.

Overview
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Background: Introduction to Data 
Assimilation Methods

3



NCAR/MMM WRF-Chem Tutorial 2018 Arthur P. Mizzi
mizzi@ucar.edu

Th
e 
im
ag
e 
pa
rt 
wi
th 
rel
ati
on
sh
ip 
ID 
rId
2 
w
as 
no
t 
fo
un
d 
in 
th
e 
fil
e.

The image part with 
relationship ID rId2 was not 
found in the file.

The 
ima
ge 
part 
with 
rela
tion
ship 
ID 
rId2 
was 
not 
fou
nd 
in 
the 
file.

4

Ø Ensemble Kalman Filter Methods
ü EnKF – Ensemble Kalman Filter (Houtekamer and Mitchell, 1998; 

2001)
ü EAKF – Ensemble Adjustment Kalman Filter (Anderson, 2001; 

2003)
ü ETKF – Ensemble Transform Kalman Filter(Bishop et al., 2001)
ü LETKF – Local Ensemble Transform Kalman Filter (Ott et. al., 2002; 

2004)

ØHybrid Methods
üWeighted sum (Hamill and Snyder, 2000)
üControl variable (Lorenc, 2003)
ü EVIL – Ensemble Variational Integrated Localizaed hybrid 

(Aulignes et al., 2016).

Data Assimilation Methods
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Ø Constrained Emissions (Emissions Inversion)
üAdjoint Method
üVariational Method
üState Augmentation Methods

Data Assimilation Methods cont.



NCAR/MMM WRF-Chem Tutorial 2018 Arthur P. Mizzi
mizzi@ucar.edu

Th
e 
im
ag
e 
pa
rt 
wi
th 
rel
ati
on
sh
ip 
ID 
rId
2 
w
as 
no
t 
fo
un
d 
in 
th
e 
fil
e.

The image part with 
relationship ID rId2 was not 
found in the file.

The 
ima
ge 
part 
with 
rela
tion
ship 
ID 
rId2 
was 
not 
fou
nd 
in 
the 
file.

Review of Chemical Data Assimilation 
Efforts with 
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6



NCAR/MMM WRF-Chem Tutorial 2018 Arthur P. Mizzi
mizzi@ucar.edu

Th
e 
im
ag
e 
pa
rt 
wi
th 
rel
ati
on
sh
ip 
ID 
rId
2 
w
as 
no
t 
fo
un
d 
in 
th
e 
fil
e.

The image part with 
relationship ID rId2 was not 
found in the file.

The 
ima
ge 
part 
with 
rela
tion
ship 
ID 
rId2 
was 
not 
fou
nd 
in 
the 
file.

7

ØWRF-Chem/GSI 
ü Liu et al., NCAR/MMM – Assimilate MODIS AOD, PM2.5, and PM10

surface observations.

üPagowski and Grell, NOAA – Assimilate O3 and PM2.5.

ü Saide et al., Univ. of Iowa and NCAR/ACOM – Assimilate MODIS 
AOD with constrained emissions.

ØWRF-Chem/EnKF
üPagowski and Grell, NOAA – Assimilate PM2.5 surface 

observations.

ØWRF-Chem/DART (EAKF)
üMizzi and Edwards, NCAR/ACOM; Anderson, NCAR/IMAGe; and 

Arellano, Univ. of Arizona – Assimilate MOPITT and IASI CO 
profiles and MODIS AOD with constrained emissions.

WRF-Chem/Chem DA Efforts 
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ØWRF-Chem/DART (EAKF) cont.
üMizzi, NCAR/ACOM and Cohen and Liu, Univ. of California at 

Berkeley – Assimilate OMI total column NO2 with constrained 
emissions.

üMizzi, NCAR/ACOM and Chen, Miao, and Liang, York Univ. –
Assimilate MOPITT total column CO with constrained emissions 
and MODIS AOD.

üMizzi, NCAR/ACOM Pfister, and Edwards – Application of WRF-
Chem/DART to quasi-real time dual-resolution air quality 
forecasting/cycling in FRAPPE/DiscoverAQ.

üMizzi, NCAR and Mirzargar, Univ. of Miami – Using data-depth 
algorithms to identify the most representative ensemble member 
for quasi-real, time dual-resolution air quality 
forecasting/assimilation.

WRF-Chem/Chem DA Efforts cont. 
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ØWRF-Chem/DART (EAKF) cont.
üMizzi, NCAR and Brasseur and Bouarar, Max Plank Inst. for 

Meteorology – Application of WRF-Chem/DART to quasi-real time, 
dual-resolution air quality forecasting/cycling for eastern China in 
connection with PANDA.

üMizzi, NCAR and Wang and Ma, Nanjing Univ. –Application of 
WRF-Chem/DART to quasi-real, time dual-resolution air quality 
forecasting/cycling for eastern China.

üMizzi, NCAR and Garcia-Reynoso and Sabari, Natl. Autonomous 
Univ, of Mexico –Application of WRF-Chem/DART to quasi-real, 
time dual-resolution air quality forecasting/cycling for Mexico 
City.

WRF-Chem/Chem DA Efforts cont. 



NCAR/MMM WRF-Chem Tutorial 2018 Arthur P. Mizzi
mizzi@ucar.edu

Th
e 
im
ag
e 
pa
rt 
wi
th 
rel
ati
on
sh
ip 
ID 
rId
2 
w
as 
no
t 
fo
un
d 
in 
th
e 
fil
e.

The image part with 
relationship ID rId2 was not 
found in the file.

The 
ima
ge 
part 
with 
rela
tion
ship 
ID 
rId2 
was 
not 
fou
nd 
in 
the 
file.

10

ØWRF-Chem – the Weather Research and Forecasting (WRF) 
model with online chemistry.

ØDART – the Data Assimilation Research Testbed modified 
for assimilation of atmospheric composition observations.
• MOPITT and IASI partial and total column CO
• IASI partial and total column O3 (under testing
• MODIS AOD and OMI total column NO2

• AirNOW and PANDA in situ observations
• Emission constraints – State augmentation method
• Assimilate as RETRs, QORs, and CPSRs
• State variable localization (joint or independent assimilation)
• Quasi-real time and dual-resolution cycling.

WRF-Chem/DART
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ØWRF-Chem/DART repository download link:                          
https://svn-dares-dart.cgd.ucar.edu/DART/tags/wrf-chem.r11690

ØSample input/output data: 
• Go to NCAR ftp site at ftp.ucar.edu
• Go to ../pub/mmm/mizzi
• Get the PANDA_REAL_TIME_DATA.tar file.  This is the input 

data and directory structure.
• Get the real_PANDA_RETR_VARLOC.tar file.  This is the sample 

output data and directory structure.

ØWRF-Chem/DART Users’ Guide is not available so 
collaboration is recommended/necessary. Contact        
Dr. Arthur P. Mizzi for information.

WRF-Chem/DART
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2008 Case Study:  Forecast Verification 
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FRAPPE:  Forecast Verification 
July 2014
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FRAPPE:  (MOPIT CO RETRs) 

Met Ex RETR Ex Met Ex – RETR Ex

July 21, 2014 18 UTC
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FRAPPE:  (MOPIT CO RETRs) 

15
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RETR Ex No State Variable Loc No Loc and Adj Emiss
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FRAPPE CO (MOPITT CO and AirNow CO, O3) 
July 20, 2014 18 UTC
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Special Challenges with Assimilation 
of Observations of Atmospheric 

Composition

18
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Ø Sparse observations, mostly surface observations collected 
for regulatory purposes.

ØUpper atmosphere/profile observations are primarily 
satellite-based retrievals (indirect observations, large data 
volume, low information density, large storage and 
assimilation computational requirements).

Ø Retrievals contain redundant information and influence of 
retrieval prior through the retrieval equation.

Ø Interaction of meteorology and chemistry observations on 
state variables during assimilation can disrupt chemistry 
(requires state-variable localization).

Chemical Data Assimilation Challenges
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ØUnder-sampling and spread collapse issues require radius-
of-influence localization and inflation but appropriate 
localization radius and spread uncertain.

Ø Forecast results are sensitive to correct emissions but large 
uncertainty in emissions and emissions error covariance is 
unknown.

Ø Retrieval error covariance products generally contain error 
cross-correlations.

Ø Chemical variables and errors tend to have non-Gaussian 
distributions.

ØHow to do vertical localization for assimilation of retrieval 
profiles is uncertain.

Chemical Data Assimilation Challenges cont.
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Review of WRF-Chem/DART Directory 
Structure and the

Tutorial Exercise on Localization

21
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The DART “../models/wrf_chem” Directory

hybrid_scripts – various WRF-Chem/DART utilities.
namelist_scripts – scripts to setup the WRF, WRF-Chem, WPS, WRFDA, and DART namelists.
run_diagnostics – scripts to run WRF-Chem/DART diagnostics and plotting,
run_scripts – the main WRF-Chem/DART run scripts directory.
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The DART “../models/wrf_chem/run_scripts” 
Directory

RUN_REAL_TIME – the WRF-Chem/DART real time run scripts directory.  This is where you will find the scripts 
for running WRF-Chem/DART.  The “real_time_PANDA_RETR_RELEASE_TEST.ksh” script runs the released 
test case.
RUN_REAL_TIME_CHEYENNE – a development directory for converting the real time runs scripts to Cheyenne.  
Eventually, this directory will disappear and the run scripts for Cheyenne will be in RUN_REAL_TIME. 
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The “real_time_PANDA_RETR_RELEASE_
TEST.ksh” Run Script

Set the cycle start and end date/times.

Set some experiment parameters:
NL_FAC_OBS_ERROR_xxx – the scaling for the observation error of 
the xxx retrievals.
RETRIEVAL_TYPE_xxx – the retrieval assimilation form: 
RAWR – mixing ratio, RETR – log10 of mixing ratio, 
QOR – quasi-optimal, and CPSR – compact phase space retrievals.  

USE_LOG_CO – switch to do assimilation in log space.

VARLOC – switch to use state variable localization.
INDEP_CHEM_ASSIM – switch to use independent chemistry 
assimilation.
ADD_EMISS – switch to use emission inversion
EMISS_DAMP_CYCLE – cycle time damping factor for emissions 
adjustment.
EMISS_DAMP_INTRA - intra-cycle time damping factor for emissions 
adjustment.  
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The “real_time_PANDA_RETR_RELEASE_
TEST.ksh” Run Script

RUN_FINE_SCALE – switch to run fine grid forecast.
RUN_FINE_SCALE_RESTART – switch to restart fine grid forecast.
REESTART_DATE – Date/time to restart fine grid forecast.

RUN_SPECIAL_FORECAST - switch to rerun failed ensemble 
members.
NUM_SPECIAL_FORECAST - number of ensemble forecasts to rerun.
SPECIAL_FORECAST_FAC – time step scaling factor for the 
ensemble forecast reruns.
SPECICAL_FORECAST_MEM[ ] – the member id for the ensemble 
forecast reruns.

Code to enable temporal interpolation of the large scale meteorology 
forecast fields. 
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The “real_time_PANDA_RETR_RELEASE_
TEST.ksh” Run Script

INITIAL_DATE, FIRST_FILTER_
DATE, FIRST_EMISS_INV_DATE, 
FIRST_DART_INFLATE_DATE – these 
parameters identify the cycle on which 
the respective task starts.

Set cycling and assimilation parameters.

Set the respective code versions.

Set the respective independent directory 
paths.

Set the respective dependent directory 
paths.
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The “real_time_PANDA_RETR_RELEASE_
TEST.ksh” Run Script

Continue setting the respective 
dependent directory paths.

Define date/time parameters for this 
cycle.
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The “real_time_PANDA_RETR_RELEASE_
TEST.ksh” Run Script

Continue setting date/time parameters 
for this cycle.

Set assimilation window parameters.



NCAR/MMM WRF-Chem Tutorial 2018 Arthur P. Mizzi
mizzi@ucar.edu

Th
e 
im
ag
e 
pa
rt 
wi
th 
rel
ati
on
sh
ip 
ID 
rId
2 
w
as 
no
t 
fo
un
d 
in 
th
e 
fil
e.

The image part with 
relationship ID rId2 was not 
found in the file.

The 
ima
ge 
part 
with 
rela
tion
ship 
ID 
rId2 
was 
not 
fou
nd 
in 
the 
file.

29

The “real_time_PANDA_RETR_RELEASE_
TEST.ksh” Run Script

Continue setting assimilation window 
parameters.

Set flags to control task execution.  
Currently, these tasks are run 
sequentially and ordered similarly to the 
order of these flags.  This is the only 
section where these flags should be set by 
the user. Subsequent flag setting sections 
adjust the user flag settings for special 
cycles. 

Flag settings for the initial cycle.  This 
section should not be changed by the 
user.
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The “real_time_PANDA_RETR_RELEASE_
TEST.ksh” Run Script

Forecast model grid parameter settings.

Forecast model time parameter settings.
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The “real_time_PANDA_RETR_RELEASE_
TEST.ksh” Run Script

Computer job submittal parameter 
settings.

Task run directory path parameter 
settings.  These should not be changed by 
the user.
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The “real_time_PANDA_RETR_RELEASE_
TEST.ksh” Run Script

Continue setting the task run directory 
path parameters.  These should not be 
changed by the user.

Set WPS and WRF_DART_Preprocessor
parameters.

Set parameters controlling generation of 
the chemistry state variables and 
emissions ensembles. 
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The “real_time_PANDA_RETR_RELEASE_
TEST.ksh” Run Script

Modular code block controlling the WPG 
GEOGRID task execution. This code 
block marks the beginning of the task 
execution part of the run script.  
Subsequently task are similarly 
identified.  In general, it should not be 
necessary for the user to change these 
code blocks.
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The PANDA_REAL_TIME_DATA
Input Directory 

Test case input directory listing.  Generally, the subdirectories contain the raw input 
data in the formats used by WRF-Chem/DART.  Some of the subdirectories contain the 
files and run scripts needed to create the WRF-Chem static input files.
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The PANDA_REAL_TIME_DATA
Output Directory 

Test case output directory listing.  Generally, the date/time subdirectories  contain the cycle out 
(examples are given below), and the ”pert_file_xxx” subdirectoriescontain data for generating 
the emission (_emiss) and initial/boundary condition (_icbc) ensemble members.

2014072418 – “Initial Cycle” subdirectory 
listing 

2014072418 – “First Assimilation Cycle” 
subdirectory listing 



NCAR/MMM WRF-Chem Tutorial 2018 Arthur P. Mizzi
mizzi@ucar.edu

Th
e 
im
ag
e 
pa
rt 
wi
th 
rel
ati
on
sh
ip 
ID 
rId
2 
w
as 
no
t 
fo
un
d 
in 
th
e 
fil
e.

The image part with 
relationship ID rId2 was not 
found in the file.

The 
ima
ge 
part 
with 
rela
tion
ship 
ID 
rId2 
was 
not 
fou
nd 
in 
the 
file.

ØMitchell and Houtekamer (2001): 
!" = !$ + & '( − *!$

where & = +*,(*+*, + .)01 - P is	the	ensemble	error	

covariance,	R is	the	observation	error	covariance,	and	H is	the	
forward	operator	mapping	state	variable	x to	observation	y.

Ø Problem: undersampling can	lead	to	spurious	correlations	in	P.

Ø Problem: overfitting	and	cycling	can	lead	to	degeneracy/spread	

collapse.

Ø Solution: Localization	– limit	the	spatial	extent	and/or	state	

variable/observation	correlations	(reduce	or	set	them	to	zero).

Ø Solution: Increase	observation	error	to	avoid	overfitting

Ø Solution: Use	prior	or	posterior	covariance	inflation.	

36
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Ensemble Kalman Filter
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Ensemble Kalman Filter Least Squares 
Framework - Spread Collapse

∆" = $%&(", ))
&+,())

- ./
×				∆)

x - the ensemble of state variables at a grid locations

y - the ensemble of expected observations at an observation location

) = 2 " where H is the forward operator

∆)	- the ensemble of expected observation increments

∆"	- the ensemble of state variable increments

With spread collapse var(y) → 0
Anderson (2003)
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WRF-Chem/DART: Localization Examples 
CPSR EX CO Analysis Increment (950 hPa)
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